Susceptibility to the respiratory effects of air pollution varies between individuals. Although some evidence suggests higher susceptibility for subjects carrying variants of antioxidant genes, findings from gene-pollution interaction studies conflict in terms of the presence and direction of interactions. The authors conducted a systematic review on antioxidant gene-pollution interactions which included 15 studies, with 12 supporting the presence of interactions. For the glutathione S-transferase M1 gene (GSTM1) (n ¼ 10 studies), only 1 study found interaction with the null genotype alone, although 5 observed interactions when GSTM1 was evaluated jointly with other genes (mainly NAD(P)H dehydrogenase [quinone] 1 (NQO1)). All studies on the glutathione S-transferase P1 (GSTP1) Ile105Val polymorphism (n ¼ 11) provided some evidence of interaction, but findings conflicted in terms of risk allele. Results were negative for glutathione S-transferase T1 (GSTT1) (n ¼ 3) and positive for heme oxygenase 1 (HMOX-1) (n ¼ 2). Meta-analysis could not be performed because there were insufficient data available for any specific gene-pollutant-outcome combination. Overall the evidence supports the presence of gene-pollution interactions, although which pollutant interacts with which gene is unclear. However, issues regarding multiple testing, selective reporting, and publication bias raise the possibility of false-positive findings. Larger studies with greater accuracy of pollution assessment and improved quality of conduct and reporting are required.
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Air pollution has long been known to be detrimental to health, particularly that of the respiratory system, yet epidemiologic estimates of the respiratory effects of air pollution have suggested relatively small effects compared with those of other environmental exposures. However, effects estimated at a population level ignore individuals' susceptibility to air pollution, which may be associated with genetic factors (1, 2) , together with nongenetic factors such as age, time spent outdoors, and level of physical exercise. A mechanism of action common to all pollutants is the induction of oxidative stress (3); therefore, genes modulating blood and tissue levels of antioxidants are good biologic candidates for investigating possible gene-environment interactions.
Evidence from animal research supports the presence of interactions between antioxidant genes and air pollution. Studies of inbred mouse strains have demonstrated a role of genetic variation in modulating susceptibility to the respiratory effects of ozone, while evidence is not as strong for particulate air pollution, probably because of the lack of understanding of the specific particle components responsible for these effects (4, 5) . Studies in humans have also evaluated antioxidant gene-pollution interactions, but results have been conflicting in terms of both presence and direction of possible interactions (5) . However, the majority of these studies had inadequate statistical power to detect gene-environment interactions, which require much larger sample sizes than studies of genetic or environmental main effects (6) .
EFFECTS OF AIR POLLUTION ON THE RESPIRATORY TRACT
Outdoor pollutants most commonly studied in relation to respiratory health outcomes include ozone; sulfur dioxide; oxides of nitrogen, with nitrogen dioxide being the component of greatest importance for health; and particulate matter smaller than 10 lm in diameter (PM 10 ) and smaller than 2.5 lm in diameter (PM 2.5 ) (7).
Outdoor sulfur dioxide, which is mainly formed as a result of fuel combustion in stationary residential and industrial sources, has been greatly reduced in developed countries through use of low-sulfur coal and scrubber systems at coal-burning power plants (8) . ''Particulate matter'' is a general term encompassing dust particles, burned soot, diesel exhaust particles, and polyaromatic hydrocarbons. While particles larger than PM 10 are not very likely to reach the lower respiratory tract, coarse particulate matter (PM 10 ) can reach as far as the bronchi. Fine particulate matter (PM 2.5 ) can penetrate deeper and reach the alveoli, as can diesel exhaust particles, which are in the size range of fine (0.1-2.5 lm) and ultrafine (<0.1 lm) particles. Particle size and surface area have been shown to be important factors influencing the potential for oxidative damage (9) . Concentrations of particulate matter are particularly high in less developed countries in Asia, Africa, and Latin America, although they still represent a public health concern in developed countries as well (10) .
Air pollution has been shown to affect lung function and increase the risk of asthma, as well as exacerbate symptoms in patients with airway disease, although evidence is stronger for acute effects from short-term exposures (e.g., day-today fluctuations in ambient pollution levels) than for chronic effects from long-term exposures (11) . Pollutants can cause lung damage through oxidative stress, acting either directly with the production of free radicals or indirectly with the induction of inflammation (3, 12) . Oxidative stress can be neutralized by the respiratory tract lining fluid, which is rich in antioxidants capable of counteracting the oxidative burden and thus represents the first line of defense against inspired pollutants (3).
COMMONLY STUDIED ANTIOXIDANT GENES
The most commonly studied genes involved in the regulation of antioxidant defenses are those coding for the enzymes NAD(P)H dehydrogenase [quinine] 1 (NQO1) (EC 1.6.5.2; the NQO1 gene is found at position 16q22.1), the glutathione S-transferases (GSTs) (EC 2.5.1.18; GSTM1, GSTP1, and GSTT1 are found at 1p13.3, 11q13, and 22q11.2, respectively), and heme oxygenase 1 (HMOX-1) (EC 1.14.99.3; HMOX-1 is found at 22q12), although many others exist and may be important for the lung (13) .
NQO1 is a detoxifying enzyme induced in response to oxidative stress, which converts quinones to hydroquinones found in the respiratory tract lining fluid. Although NQO1 is an antioxidant enzyme, it can catalyze the bioactivation of some quinones to more reactive hydroquinones that can, in turn, produce reactive oxygen species. A functional polymorphism in the NQO1 gene resulting in an amino-acid change (Pro187Ser) is associated with altered enzyme activity, with subjects who are homozygous for the serine allele having no detectable activity and heterozygotes having significantly lower activity than wild-type homozygotes (14) . The serine allele has been associated with lower susceptibility to the effects of inhaled ozone, which could be explained by lower availability of hydroquinones in the respiratory tract lining fluid and thus less reaction leading to reactive oxygen species (15) . The prevalence of the serine allele has been reported to vary from 19% (95% confidence interval (CI): 16, 22) in Caucasians to 43% (95% CI: 40, 46) in Asians (16) .
There are 3 main classes of GST enzymes: glutathione Stransferase M1/(GSTM1), glutathione S-transferase P1/ (GSTP1), and glutathione S-transferase T1/(GSTT1). These all act through a common mechanism of conjugating reactive oxygen species with glutathione, enabling their detoxification and elimination and thus defending tissues against oxidative stress (17) . GSTP1 is the most common form of GST found in the respiratory tract lining fluid, representing over 90% of its GST-derived enzyme activity. A common polymorphism in the GSTP1 gene is Ile105Val, with the frequency of the valine allele varying from 14% (95% CI: 9, 19) in Asians to 32% (95% CI: 31, 33) in Europeans (18, 19) . The valine allele has been associated with higher risk of breathing difficulty in asthmatic children exposed to ozone (20) . Differently from GSTP1, the GSTM1 and GSTT1 polymorphisms are usually evaluated in terms of the presence or absence of homozygous deletion (null genotype), which results in a complete loss of enzyme activity and thus reduction of antioxidant capacity. The prevalence of GSTM1 and GSTT1 deletion polymorphisms varies across ethnic groups, from 18% to 66% (median, 50%) for GSTM1 (21) and from 10% to 31% for GSTT1, with the exception of Asians, for whom it is 38%-58% (22) . A number of studies have suggested an association between GST gene polymorphisms and risk of asthma in children and adults, although these findings were not confirmed by a recent meta-analysis (23) .
The heme oxygenase enzyme, which converts heme to biliverdin, a precursor of the powerful antioxidant bilirubin, provides a first line of defense against oxidative stress. The inducible form of heme oxygenase, HMOX-1, which is coded by the HMOX-1 gene, is present in many tissues, including the lung. One common variant in the HMOX-1 gene, a (GT)n dinucleotide tandem repeat in the gene promoter, can modify the expression of the gene, with inducibility by reactive oxygen species being inversely related to the number of (GT)n repeats. This repeat has been associated with oxidative-stress-inducing diseases (24) and with a reduction of smooth muscle proliferation, one of the components of asthma development (25) .
Although the hypothesis of antioxidant gene-pollution interactions is supported by a strong biologic rationale, published studies have provided conflicting results regarding the presence, and sometimes direction, of such interactions. We conducted a Human Genome Epidemiology (HuGE) review of the interaction effects of antioxidant gene polymorphisms and outdoor air pollution on respiratory outcomes, with the aim of summarizing the available evidence and understanding the reasons for the heterogeneity of findings across studies.
MATERIALS AND METHODS
This systematic review was performed following methods and guidance developed by the Human Genome Epidemiology Network (HuGENet) (26, 27) . Included were in vivo studies in humans assessing the interaction effects of any antioxidant gene with any outdoor pollutant on lung function and respiratory symptoms, in both healthy subjects and patients with airway disease. No exclusions based on study design or publication language were applied. Three different types of respiratory outcomes were considered: 1) risk of airway disease; 2) exacerbation of preexisting respiratory conditions; and 3) modification of lung function.
Selection of studies
We searched the MEDLINE, EMBASE, and ISI Web of Science databases for studies published before April 30, 2009 (see Appendix for search strategy), with study selection being performed independently by 2 authors (C. M. and I. W.). Reference lists of all relevant papers were also crosschecked for possible inclusion. Contact was sought with authors of studies eligible for inclusion but for which complete data were not available directly from the publication.
Data extraction
Using a prepiloted extraction form, 2 authors (C. M. and I. W.) independently extracted data on: study design; population characteristics (sample size, country of origin, ethnicity, age, sex); antioxidant genes, pollutants, and outcomes considered; method of assessment of pollution exposure; genotyping method and whether there was blinding of genotyping; assessment of genotyping error; discussion of the possible presence of population stratification; evaluation of Hardy-Weinberg equilibrium; genetic model assumed and the reason for the choice; reporting of subgroup analyses; haplotype analysis; adjustments for possible confounding factors; adjustment for multiple testing; and availability of additional data from online supplements.
Study quality was evaluated on the basis of HuGENet guidelines (26) and STREGA recommendations for the reporting of genetic association studies (28) , with additional consideration for issues regarded as important for geneenvironment interaction studies, including: accuracy of the pollution exposure measurement; possible problems with measurement error; statistical approach to the evaluation of interactions; and whether interaction point estimates and measures of uncertainty were provided. We also assessed the overall credibility of the available evidence by using a semiquantitative approach, the ''Venice criteria,'' which have been proposed for assessing cumulative evidence in genetic association studies (29) . This classifies epidemiologic credibility as ''strong,'' ''moderate,'' or ''weak'' on the basis of 3 elements: 1) amount of evidence, 2) extent of replication, and 3) protection from bias.
RESULTS
Seventeen papers (12, 20, 25, 30-41, 43, 44) containing reports on 15 studies were included in the review, with 16 identified through the electronic search and 1, published after the search, added from contact with the authors (30) (Figure 1) . Although 2 studies were performed in the same study population, they were included separately, since they used different methods to define exposure to air pollution (31, 32) .
Characteristics of the studies included
The 15 studies were heterogeneous in terms of study design, study population, and methods of assessing pollution exposure (Table 1) . Nine studies were performed in children and 6 in adults. Eight were cohort studies, 3 were casecontrol, 3 were experimental, and 1 was a genetic reanalysis of a randomized clinical trial. There was great variability in study size, from very small (n ¼ 22) to large (n ¼ 3,124), with a median sample size of 399 (interquartile range, 104-1,510) and a mean size of 938 (standard deviation, 1,110). Particularly small were the 3 experimental studies, wherein sample sizes were 22, 24, and 51. Studies were performed at a variety of locations across Europe, East Asia, and North America, with 4 being conducted in comparatively less developed countries characterized by cities with higher pollution levels, including Korea, Taiwan, and Mexico.
Among the 8 cohort studies (Table 1 ), 1 study was on elderly men, 2 were on healthy adults (including the large follow-up study (ECRHS II) of the European Community Respiratory Health Survey), 4 on schoolchildren (3 based on the Children's Health Study), and 1 on 2-year-old children. All 3 case-control studies were performed on children, 2 of which were nested within a cross-sectional national survey in Taiwan, and 1 was a case-cohort study nested within the Swedish BAMSE Project. The 3 experimental studies were performed in adults and included 2 ozone challenge studies with within-subject before-after comparison (1 including asthmatics together with healthy subjects) and 1 randomized crossover trial of ambient exposure to ozone. The genetic reanalysis of a randomized trial of antioxidant supplementation was performed in asthmatic children from Mexico City to evaluate the effect of the 3-way interaction between antioxidant supplementation, antioxidant genes, and ozone on lung function and respiratory symptoms.
Because of the heterogeneity in pollutants, genes, and respiratory outcomes considered (Table 2) , as well as the partial reporting of results in some of the studies, meta-analysis could not be performed. Antioxidant genes examined included GSTM1, GSTP1, GSTT1, NQO1, SOD2 (MnSOD), GPX1, HMOX-1, EPHX, and CAT, but only GSTM1, GSTP1, GSTT1, and NQO1 were considered in more than 2 studies.
Eleven studies evaluated the GSTP1 Ile105Val polymorphism, 10 the GSTM1 null genotype, 4 the NQO1 Pro187Ser polymorphism, and 3 the GSTT1 null genotype (Table 2) , with findings for these variants being reported in 11, 9, 4, and 2 studies, respectively (Table 3 and Table 4 ).
In terms of respiratory outcomes, lung function was evaluated in 8 studies (Table 2) , with the most common outcome measure being forced expiratory volume in 1 second, followed by forced vital capacity, peak expiratory flow rate, forced expiratory flow between 25% and 75% of forced vital capacity, (FEF ), forced expiratory flow at 75% of forced vital capacity, (FEF 75 ), maximal expiratory flows at 25%, 50%, and 75% of vital capacity, and vital capacity. Asthma was evaluated in 6 studies and wheezing in 4.
Heterogeneity in the assessment of air pollution exposure All studies evaluated outdoor pollutant levels at the participant's residence/school as a proxy for personal exposure, with the exception of the 2 experimental studies, wherein ozone exposure was controlled through the use of a chamber with an ozone generator (12) or nebulizers (33) ( Table 1) . Pollution was assessed by means of air quality monitoring stations, air samplers on nearby buildings, or distance to the nearest major road from the home. The most commonly investigated pollutant by far was ozone (n ¼ 10), followed by oxides of nitrogen (n ¼ 5) and particulate matter (n ¼ 4) ( Table 2) , with findings being reported in 9, 4, and 2 studies, respectively (Tables 3 and 4) . Two studies evaluated exposure to overall ambient pollution, which was defined either on the basis of nitrogen oxides and sulfur dioxide levels in ambient air or using the distance to the nearest major road as a proxy. Sulfur dioxide, carbon monoxide, and diesel exhaust particles were evaluated in only 1 study each.
Six studies focused on the effects of short-term exposure to pollutants, while 9 evaluated long-term exposure (Table  1) . Long-term exposure was assessed on the basis of air quality data from monitoring stations close to residence/ school locations, with only 4 studies modeling personal exposure using data from emission databases coupled with geocoding of home address, based on either current residence (30, 34, 35) or lifetime residential history (36) . Only 2 studies collected data on time-activity patterns of participants to account for time spent outdoors, with such information being used in subgroup analyses (25) or secondary analyses (36) . In both studies, accounting for time spent outdoors did not change the results.
Antioxidant gene-pollution interactions
In 12 studies, investigators reported positive results for at least 1 gene-pollution interaction. Of these, 4 studies did not provide direct assessment of interaction, but researchers either performed subgroup analyses (12, 31, 37) or adjusted the effect of pollution on the respiratory outcome by genotype (38) , as shown in Tables 3 and 4 . Among the 9 studies in which researchers performed tests of interaction, 6 tested only 2-way interactions, 1 (39) tested a 3-way genegene-pollution interaction, and 2 tested both 2-and 3-way interactions, including gene-exercise-pollutant (40) and gene-antioxidant supplementation-pollution interactions (20, 41) (Tables 3 and 4) . In 2 studies, significant results for the interaction test were found only in subgroups defined by sex (36) or ethnicity (25) . Details on the risk genotype considered in the analysis for each genetic variant (with specified dbSNP identifier) are shown in Table 5 and Table 6 for all studies included, together with the observed frequency of the risk allele and genotype.
Of the 9 studies reporting on GSTM1, only 1 found interaction when considering the effect of the null genotype alone. This was a trial of antioxidant supplementation in 150 asthmatic children from Mexico City (20, 41) , which showed a borderline-significant effect of interaction with ozone on lung function in the placebo group but not in the treatment group, supporting the hypothesis that supplementation with the antioxidant vitamins C and E might compensate for genetic susceptibility. Another 5 studies, however, reported interaction effects for GSTM1 when it was evaluated jointly with other genes. Three studies (12, 36, 37) showed an interaction effect of the combined GSTM1 null genotype and the NQO1 wild type (187 Pro/Pro) with ozone on lung function, although in 1 the interaction was observed only in females (36) . The effect of the combined genotype might be explained by the greater availability of hydroquinones in persons with normal levels of NQO1 but no enzymatic functional activity of GSTM1, leading to increased generation of free radicals (36, 37) . One study (37) also investigated the effect of the interaction on serum levels of Clara cell protein (CC16), a biomarker of increased permeability of the epithelial lung barrier and a possible early marker of lung injury by air pollutants (42) . Findings for the biomarker were negative, although this could well be explained by the very low statistical power of the study (n ¼ 24). Only 1 of the 3 studies on the combined GSTM1 and NQO1 genotypes also reported on the individual effect of GSTM1, for which no evidence of interaction was found (36) . Two studies investigated the effect of GSTM1 jointly with the tumor necrosis factor gene (TNF) (31) and the FceRIb gene (39) , and both studies showed the presence of interaction with pollution. Results from the 11 studies on the GSTP1 Ile105Val polymorphism were more conflicting. All of them but 1 (30) provided some evidence of interaction (Tables 3 and 4) , although in 2 studies this was limited to either a subgroup (36) or one of the outcomes considered (20) . However, the direction of the interaction effect varied, with the risk allele being the valine allele in 7 studies (20, 32, 34-36, 39, 43) and the isoleucine allele in 3 (31, 40, 44) . In addition to Ile105Val, 3 studies also considered the Ala114Val polymorphism and found evidence of interaction (34, 40, 43, 44) . One study evaluated 7 GSTP1 variants and showed interaction for all of them (34) . Two studies reported on GSTT1, and the findings were negative in both (30, 38) .
The NQO1 Pro187Ser polymorphism alone was evaluated in 1 study on nitrogen dioxide and asthma, which showed interaction in the same direction as the 3 studies on the combined GSTM1-NQO1 genotype, with a recessive effect for the 187 Pro/Pro genotype (30) . Two studies reported on the HMOX-1 (GT)n repeat polymorphism, both suggesting an interaction with ozone. One evaluated short-term ozone exposure in 1,100 elderly men (43) and found that a long repeat (n ! 25) was associated with stronger effects of ozone on lung function, in line with evidence from functional studies showing decreased HMOX-1 inducibility with an increased number of repeats. Pointing in the same direction was the interaction of the HMOX-1 (GT)n repeat in the study of the effect of long-term ozone exposure on asthma risk in 2,000 schoolchildren (25), although statistical significance was reached only within 1 ethnic subgroup (non-Hispanic whites). In this study, interaction with particulate matter was not observed.
Study quality assessment
All studies on adults analyzed DNA extracted from blood, while most studies on children used buccal samples, and genotyping methods were always reported. Nine of the 15 studies described confirmation of genotyping results by reanalyzing a representative (5%-10%) sample, using random duplicates, or retesting samples with known genotypes. Only 1 study reported having performed genotyping blinded to disease status (44) . All studies on GSTM1 and GSTT1 classified the genotype as ''present'' or ''null'' (deletion genotype), thus not distinguishing between genotypes with 1 copy of the gene and those with 2 copies. This is not ideal, since GSTT1 and GSTM1 are copy number variations whose correlation with altered enzyme activity would require a dose-dependent analysis (45, 46) . Hardy-Weinberg equilibrium was evaluated in 12 studies, with only 1 reporting deviations from Hardy-Weinberg equilibrium (30) . Haplotype analysis was performed in 6 studies (25, (30) (31) (32) (33) (34) 40) . Although a number of interactions for different polymorphisms, pollutants, and outcomes were tested in most studies, only 1 study adjusted for multiple testing, using the false discovery rate method of Benjamini and Hochberg (34) . No study reported sample size calculations.
The problem of measurement error was mentioned in 11 studies. In 6 of those studies, investigators commented on the (30) or sensitivity analyses (32) to subjects who had been residing at their home address for a certain minimum amount of time; and in 2 studies, investigators reported having conducted a parallel validation study to assess the magnitude of measurement error. One study used personal monitors as the gold standard for ozone exposure and reported an association between personal and ambient exposure assessments (20) ; the other compared estimated diesel exhaust particles with sampled diesel exhaust particles and found that estimates tended to slightly underpredict the sampled values (35) . Neither of the studies corrected the results for the estimated measurement error. We attempted to apply the Venice interim guidelines to assess the epidemiologic credibility of the associations observed (29) . Because of the very small number of studies that have evaluated a given gene-pollutant-outcome combination, the epidemiologic credibility of any specific interaction is weak. The possibility of selective reporting bias, where researchers test a number of interactions but decide to report results only for those that are statistically significant (without acknowledging the others), further weakens the credibility of current evidence. Even when all polymorphisms, pollutants, and outcomes considered were mentioned, findings were often reported for only a subset of them (Table 2 ). In support of the credibility of published positive findings, on the other hand, is the biologic plausibility of antioxidant gene-pollution interactions from in vitro and animal studies. In the Venice criteria, biologic plausibility is not included in the scoring, although its importance is acknowledged. This may represent a limitation of these guidelines, particularly when applied to the field of gene-environment interactions, where a priori biologic knowledge plays a crucial role in selecting candidate genes to be tested.
DISCUSSION
Overall, the findings of this review support the presence of an effect of antioxidant gene-pollution interactions on the respiratory system, with the only 3 studies reporting completely negative results being greatly underpowered to detect interactions (sample size < 50). Although this finding is supported by strong biologic plausibility, evidence from the studies reviewed raises the possibility of spurious results. Only half of the studies reporting statistically significant interactions had sample sizes greater than 600. This is somewhat surprising given the large sample sizes required to detect interactions, especially in the presence of substantial measurement error in the environmental exposure assessment (47) . Although large gene-pollution interaction effects could explain it, this is unlikely for any single gene polymorphism, given the complexity of antioxidant pathways , forced expiratory flow between 25% and 75% of forced vital capacity; FEF 75 , forced expiratory flow at 75% of forced vital capacity; FEV 1 , forced expiratory volume in 1 second; GPX1, glutathione peroxidase 1; GSTM1, glutathione S-transferase M1; GSTP1, glutathione S-transferase P1; GSTT1, glutathione S-transferase T1; HMOX-1, heme oxygenase 1; MEF 25, MEF 50, and MEF 75 , maximal expiratory flows at 25%, 50%, and 75% of vital capacity; NQO1, NAD(P)H dehydrogenase [quinone] 1; PEFR, peak expiratory flow rate; SOD2, superoxide dismutase 2.
a Effect of the gene-pollutant interaction on the outcome was reported in the published article. b Overall ambient pollution defined by proximity to the nearest major road. c Overall ambient pollution defined by oxides of nitrogen and sulfur dioxide levels. and the rich network of genes regulating antioxidant levels. The number of interactions tested without adjustment for multiple testing and the presence of selective reporting point to the possibility of false-positive results. Similar concerns were raised by the authors of a review on the quality of reporting of HuGE association studies, who interpreted the observed high frequency of positive results in the 48 geneenvironment interaction studies reviewed as caused by multiple testing, selective reporting, and publication bias (48) . In evaluating reasons for inconsistency of findings across studies, it is important to consider the possibility of true heterogeneity in addition to methodological issues. A few studies in our review suggested the presence of 3-way interactions, where factors including other genes, such as TNF (31) and FceRIb (39), and lifestyle variables, such as vitamin intake (41) and exercise (40) , may influence the magnitude of a given gene-pollution interaction. Moreover, the interaction of an antioxidant gene with a pollutant might be greatly reduced in the presence of multiple environmental exposures that converge on oxidative stress pathways, because of the genetic effect's being ''overwhelmed by environmental exposure load,'' as suggested by Schroer et al. (35) . In their study, the observed effect of the interaction between GSTP1 Ile105Val and diesel exhaust particles on wheezing disappeared in the presence of secondhand tobacco smoke and mold, 2 common exposures that lead to increased generation of reactive oxygen species. Exposure to these additional environmental factors and prevalences of interacting genes may well vary across study populations, which may explain the inconsistency in findings for some of the gene-pollution interactions evaluated. In practice, however, it is difficult to predict what role genuine heterogeneity might have played because of the presence of methodological limitations in many of the studies included, which seems a more likely explanation for the observed inconsistencies across studies. In order to avoid investing research resources in , forced expiratory flow (mL/second) between 25% and 75% of forced vital capacity; FEF 75 , forced expiratory flow (mL/second) at 75% of forced vital capacity; FEV 1 , forced expiratory volume in 1 second; FVC, forced vital capacity; GPX1, glutathione peroxidase 1; GSTM1, glutathione S-transferase M1; GSTP1, glutathione S-transferase P1; GSTT1, glutathione S-transferase T1; HMOX-1, heme oxygenase 1; MEF 25 , maximal expiratory flow (L/second) at 25% of vital capacity; MEF 50 , maximal expiratory flow (L/second) at 50% of vital capacity; MEF 75 , maximal expiratory flow (L/second) at 75% of vital capacity; NQO1, NAD(P)H dehydrogenase [quinone] 1; PEFR, peak expiratory flow rate (L/second); SOD2, superoxide dismutase 2; VC, vital capacity. a dbSNP identifiers are shown in Table 5 .
b No direct assessment of interaction. c rs10517 and rs2917666 (see Table 5 ). Physician-diagnosed asthma (current and ever; parental questionnaire)
Modifying effect of GSTP1 on interaction of EPHX1 activity and pollution in asthma risk, after adjustment for confounders
Highest risk was associated with high EPHX1 activity, the GSTP1 105Val allele, and living near major roads (3-way interaction: P ¼ 0.04).
3-way interaction for EPHX1 phenotype, GSTP1, and pollution , forced expiratory flow (mL/second) between 25% and 75% of forced vital capacity; GSTM1, glutathione S-transferase M1; GSTP1, glutathione S-transferase P1; GSTT1, glutathione S-transferase T1; HMOX-1, heme oxygenase 1; NO x , oxides of nitrogen; PD 20 , 20% provocation dose (dose of methacholine causing a 20% decrease in FEV 1 ); PEFR, peak expiratory flow rate; PM, particulate matter; PM 2.5 , particulate matter smaller than 2.5 lm in diameter; PM 10 , particulate matter smaller than 10 lm in diameter; SNP, single nucleotide polymorphism; SOD2, superoxide dismutase 2; TNF, tumor necrosis factor. a dbSNP identifiers are shown in Table 6 . b The studies by Li et al. (31) and Salam et al. (32) were based on the same study population but differed in their definition of exposure to air pollution. c No direct assessment of interaction. d In the original paper (25) , this polymorphism is referred to as Ala-9Val (the T-to-C substitution in codon 16 changes the amino acid at the À9 position in the signal peptide). e rs762803, rs749174, rs1871042, and rs4891 (see Table 6 ).
gene-environment interaction studies that have inadequate power to either reject the null hypothesis or convincingly discard the possibility of a clinically relevant interaction, much larger and better-conducted studies need to be performed. The limited number of studies identified in this review is somewhat disappointing given the clear interest of the scientific community in this topic, with the number of reviews, letters, and editorials being 10 times that of primary studies. The evaluation of gene-pollution interactions seems to be a field that is still quite young, as shown by the fact that 10 of the 15 papers included had been published since 2006, with the previous 5 studies being characterized by sample sizes smaller than 160. On the other hand, a large number of animal and in vitro studies have supported the presence of antioxidant gene-pollution interactions. Although studies in mice have helped generate hypotheses of possible genepollution interactions, their value is limited not only by the difficulty of extrapolating findings from animals to humans but also because they have tended to investigate acute or subchronic exposures (5). This represents a major limitation when the outcome of interest is the development of airway disease rather than its exacerbation, and longer-term exposure to pollution needs to be investigated. Experimental studies on humans share the same problem, so epidemiologic investigations are crucially important in identifying susceptibility genes.
The effect of gene-pollution interactions on the respiratory system is likely to be larger in specific age groups. Children are particularly affected by air pollution, since their lungs are still developing and they spend more time outdoors. Although more than half of the studies reviewed focused on children, they mainly included children of school age, while exposure to pollutants begins in early childhood, so certain effects may have already manifested by that age and may be more difficult to investigate (49) . Only 1 study evaluated early-life pollution exposure in infants (the effect of the interaction between the GSTP1 gene and diesel exhaust particles on wheezing), and it showed positive findings (35) . On the other end of the age range, only 1 study focused on the elderly (43) , who are also more Abbreviations: CAT, catalase; dbSNP, Database of Single Nucleotide Polymorphisms; GSTM1, glutathione S-transferase M1; GSTP1, glutathione S-transferase P1; GSTT1, glutathione S-transferase T1; HMOX-1, heme oxygenase 1; NR, not reported; SOD2, superoxide dismutase 2.
a Allele and genotype frequencies in controls. b L ¼ long (GT) n repeat: >23; S ¼ short (GT) n repeat: 23. c In the original paper (25) , this polymorphism is referred to as Ala-9Val (the T-to-C substitution in codon 16 changes the amino acid at the À9 position in the signal peptide).
susceptible to the respiratory effects of air pollution because of a weaker immune system (50) and a likely reduction of antioxidant defenses in the respiratory tract lining fluid (51) . Future studies should consider recruiting persons at the extremes of the age range, where the effect size of genepollution interactions is likely to be larger.
In our review, environmental measurement error was likely to be high in all studies, with the exception of the 2 small experimental studies, wherein ozone exposure was controlled by the researchers (12, 33) . The impact of inaccuracy of environmental exposure assessment on samplesize requirements can be enormous; a 30% reduction in the reliability of an environmental measurement may double the sample size required to detect a gene-environment interaction (52) . Software for realistic sample-size calculations in gene-environment interaction studies has recently been proposed (EXPRESSO, available at www.p3gobservatory. org/powercalculator.htm) which accounts for measurement error in environmental exposure assessment, as well as in genotype and outcome measurements. Interestingly, in none of the studies included in this review did authors report having performed sample-size calculations, yet statistical power is crucially important in the evaluation of geneenvironment interactions. Realistic sample-size calculations would not only help investigators avoid investing research resources in underpowered studies but could also guide them in the choice of the method to be used for assessment of personal exposure to pollution, since different methods are characterized by different degrees of measurement error, which may vary from pollutant to pollutant (53-55). Therefore, investigators planning a study on gene-pollution interactions need to consider the trade-off between the cost of a more refined exposure assessment and the increased power to detect an interaction. A higher cost associated with more accurate measurements of the environmental exposure could turn out to be cost-effective even in large studies, because of the saving in the number of persons required to detect an interaction effect. The majority of the studies included in our review used ''proximity models'' based on distance from emission sources, and even among them accuracy was likely to vary widely, from crude measures such as distance to the nearest major road to more complex modeling of personal exposure based on geocoding information coupled with the individual's residential history. Although ideally one should also collect information on the individual's time-activity patterns to quantify time spent outdoors, findings from the 2 studies in our review which did so suggested that accounting for time spent outdoors does not substantially influence the results.
Interest in the field of gene-environment interactions is developing at a fast pace, not only in the context of localized studies but also within national biobanks and international collaborative initiatives (56) . Although large-scale investigations will greatly enhance the power to detect genepollution interactions in the near future, they will still have to address the important issue of choosing an appropriate pollution assessment method. Since simple methods are often the only ones which can be realistically adopted in very large data collections, a possible solution to the problem of measurement error could be to design parallel validation and reliability studies, where the method of interest is validated against a gold standard and measurements are repeated over time. Once the measurement error structure for any given method is known, calibration coefficients could be used to correct estimates of gene-environment interaction for measurement error. Interestingly, in 2 of the studies included in our review, investigators conducted a parallel validation study to estimate the magnitude of measurement error, by comparing the study method with a gold standard (20, 35) , but in neither study did they try to derive calibration coefficients to be used for adjustment of the analyses.
The power to detect gene-pollution interactions could also be increased by refining the definition of pollution exposure. For example, defining exposure to particulate matter in terms of particulate matter mass might dilute the possibility of observing an effect, since particulate matter's capacity to cause oxidative injury is associated with specific components, including transition metals and organic compounds (9) . Concentrations of these components vary with time and place, as does the oxidative capacity of particulate matter (57) . In our review, only 1 study measured particulate matter metal composition (38) .
The study of genetic susceptibility can greatly improve our understanding of air pollution pathophysiologic mechanisms of action and allow identification of those pollution components with the highest potential for harm. This could lead to the implementation of targeted public health interventions aimed at minimizing their concentrations. Moreover, the correct risk quantification in subgroups of genetically susceptible persons could allow current standards of air quality, established on the basis of average effects in the population, to be reviewed. It would also allow the implementation of preventive measures in susceptible persons aimed at improving their baseline antioxidant defenses, such as dietary antioxidant supplementation. The public health importance of studying antioxidant genepollution interactions is increased by the fact that some of these gene polymorphisms are common in the general population.
In conclusion, current evidence supports the presence of interactions between antioxidant genes and ambient pollutants but does not allow us to draw definitive conclusions about the nature of such interactions. Further research with larger sample sizes and more accurate measurement of environmental exposure is required, as well as better methodological quality and greater transparency in reporting. 
